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Abstract: Land use and land cover (LULC) mapping is often undertaken by national mapping
agencies, where these LULC products are used for different types of monitoring and reporting
applications. Updating of LULC databases is often done on a multi-year cycle due to the high
costs involved, so changes are only detected when mapping exercises are repeated. Consequently,
the information on LULC can quickly become outdated and hence may be incorrect in some areas.
In the current era of big data and Earth observation, change detection algorithms can be used to
identify changes in urban areas, which can then be used to automatically update LULC databases
on a more continuous basis. However, the change detection algorithm must be validated before the
changes can be committed to authoritative databases such as those produced by national mapping
agencies. This paper outlines a change detection algorithm for identifying construction sites, which
represent ongoing changes in LU, developed in the framework of the LandSense project. We then use
volunteered geographic information (VGI) captured through the use of mapathons from a range of
different groups of contributors to validate these changes. In total, 105 contributors were involved in
the mapathons, producing a total of 2778 observations. The 105 contributors were grouped according
to six different user-profiles and were analyzed to understand the impact of the experience of the
users on the accuracy assessment. Overall, the results show that the change detection algorithm is
able to identify changes in residential land use to an adequate level of accuracy (85%) but changes in
infrastructure and industrial sites had lower accuracies (57% and 75 %, respectively), requiring further
improvements. In terms of user profiles, the experts in LULC from local authorities, researchers in
LULC at the French national mapping agency (IGN), and first-year students with a basic knowledge
of geographic information systems had the highest overall accuracies (86.2%, 93.2%, and 85.2%,
respectively). Differences in how the users approach the task also emerged, e.g., local authorities
used knowledge and context to try to identify types of change while those with no knowledge of
LULC (i.e., normal citizens) were quicker to choose ‘Unknown’ when the visual interpretation of a
class was more difficult.
Keywords: LU change; change validation; accuracy assessment; contributor assessment; crowd and
community sourcing; map validation
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1. Introduction
Land cover, which is the biophysical surface cover of the Earth, and land use, which is the way
in which the land is used by humans, are important variables to monitor over time; land cover, in
particular, is one of the Essential Climate Variables used for monitoring the climate system [1]. The
two variables are often described as land use land cover (LULC). Given their fundamental importance,
maps of LULC are required for many monitoring programs globally, regionally, and nationally. LULC
maps are, for example, used as inputs to the Sustainable Development Goals and the Convention on
Biological Diversity which was initiated by the United Nations Environment Programme (UNEP), and
the UN Convention to Combat Desertification, among others. At national to regional scales, LULC
maps are used to monitor the growth in urbanization, referred to as land take, which has direct links
to European Union (EU) policy, e.g., the EU has a long-term objective of a net land take of zero by
2050 [2]. LULC products are used in a wide range of additional application domains [3–5].
Over the last three decades, many different LULC products have been produced, and in many
instances, there has been a trend to map at finer spatial resolutions using larger reference data sets
for training and validation [6]. This situation has arisen because of factors such as the opening up of
the Landsat archive [7], the availability of open data from new satellite sensing systems such as the
Sentinels [8], the availability of very high-resolution satellite images in RGB or the visible channels
through resources such as Google Earth and Microsoft Bing, and improvements in computing storage
and power. Moreover, there has been a move away from the generation of static land cover products
such as the GLC-2000, which was produced as a one-off land cover product for the environmental
year 2000, to production of land cover products over time. For example, the CORINE and Urban
Atlas LULC products [9,10] for the EU and EU major cities, respectively, are produced approximately
every 6 years, while the update cycles of different mapping agencies may vary, based on demand and
resources. Nevertheless, these long update cycles mean that the continuous changes in LULC are not
normally captured by mapping agencies. Although such changes may only cover small areas in some
parts of the world, particularly at a European scale, LULC information may still be inaccurate in some
places as recent changes are not captured in key databases. Hence, there is a need to update database
content at a higher temporal frequency.
More frequent updating of LULC databases may be possible by taking advantage of new
approaches to data capture. For example, the bottom-up citizen-led approach used in OpenStreetMap
(OSM) is one example of a global map that is updated on a continual basis [11]. The involvement of
citizens in such work is described by numerous terms [12], notably Volunteered Geographic Information
(VGI) [13], crowdsourcing [14] and/or citizen science [15], and has revolutionized the acquisition of
up-to-date geographical data. Although concerns with citizen-generated data abound, several studies
have shown that OSM data are often equivalent to or even better in quality than data from traditional
authoritative sources; see e.g., [16–18]. However, OSM does not have complete spatial coverage.
Moreover, class changes recorded in OSM may not always relate to actual changes in the LULC but
may simply be a correction to the information or topological changes (e.g., relating to changes to the
digitization or an import of objects). Despite these limitations, researchers have shown that OSM can
be used to produce accurate LULC maps using a nomenclature such as CORINE or Urban Atlas [19].
Additionally, gaps in OSM data coverage may be filled by using LULC predictions obtained from the
classification of remotely sensing imagery [20].
Another area of ongoing research related to LULC change mapping is in the development of
automated methods for LULC change detection [21–23], which represents a more top-down approach
to that of citizen-based VGI. There are many change detection methods that can be applied to remotely
sensed images [24,25]. Approaches vary from simple identification of radiometric differences through
to post-classification comparisons. Digital change detection techniques have been applied in a range of
applications such as the detection of changes in LULC involving forest cover, cropland, grassland, and
urban areas as well as other LULC types [26–29].
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A major part of a change detection analysis is the validation of the predictions made. Best practice
guidance for validation are available [30] and can make use of VGI [31,32]. Here, validation was
undertaken with the aid of two online tools: LACO-Wiki [33], which is a generic land cover validation
tool, and PAYSAGES [34], which is a tool for collecting VGI to improve the LULC product of the
French national mapping agency, IGN. They are used in a complementary way in this study. Both tools
allow integration of fine-resolution imagery from different dates, which may be interpreted visually,
and they provide a means to check if predicted changes are real or not. Moreover, the interpretation
allows the change to be characterized more fully (e.g., labeling sub-classes of change) to enhance
the value of the information. Here, the predicted changes were obtained from the LandSense [35]
change detection service (CDS), which encompasses different kinds of change detection algorithms,
and is currently tailored for specific pilots as part of the LandSense project. Additionally, the reference
data for the validation were obtained through a series of mapathons, which are organized events in
which participants come together to undertake a mapping exercise over a concentrated time period.
They are often used in the context of humanitarian mapping after a major disaster has occurred [36].
Thus, the visual interpretations used to form the reference data were acquired by contributors, where
contributor groups comprised different contributor profiles, including a range of stakeholders such
as administrative employees of the national French mapping agency (IGN), participants from local
authorities such as the Urban Planning Agency from Toulouse who are users of the IGN LULC products,
and engineering students from the National School of Geographic Science (ENSG). Although VGI from
the ‘crowd’ has been used successfully in the past to validate LULC maps, e.g., forest cover [31,37,38]
and cropland [39], VGI for the validation of change represents a new area of investigation and one
that has great potential for the monitoring of change more generally. This potential, using data from
different groups of volunteers who differ in terms of their relevant knowledge and skills, is explored in
this paper.
The key goals of this paper are, therefore, to introduce a change detection method that uses
freely available remotely sensed imagery from Sentinel-2 to identify changes in an urban environment
and to use VGI to validate the detected construction sites. The next section provides an overview
of developments in change detection methods and the validation of change. This is followed by a
description of the change detection methods developed for this study and the validation methods used.
After presenting the results, we consider the limitations of the study as well as recommendations for
further research.
2. State of the Art
LULC products are often produced by mapping and environmental agencies at different levels
(e.g., global, European, national, and local). When considering very high-resolution descriptions of
sub-national areas, such products are typically comprised of (2D or 2.5D) topographic databases or
very high-resolution land cover databases. Often a historical LULC product exists, and thus updating
issues have become an important topic, to keep the databases up-to-date and also to be able to derive
information about changes. Such change measures are very important in addressing societal needs
and the monitoring of anthropic and natural phenomena during a defined period, providing key
information inputs to public policies. Examples of such issues where change information is mandatory
are for increased urbanization as mentioned in the introduction (e.g., changes in sealed surfaces or
land take, due to land-use transitions such as from agricultural land).
Manual change detection is a costly and time-consuming process and hence unattractive when
high frequency (e.g., yearly) updates are required. In some mapping agencies, processes have been
established to capture information about changes from authoritative institutes. Such approaches have
value but are imperfect. For instance, in France, the approach provides good results for some themes
such as roads, but it is sometimes insufficient for others such as buildings and natural themes. Thus,
there is a growing need for automatic means of detecting changes making use of auxiliary databases
and remote sensing data. Such tools could be semi-automatic ones, sending alarms (when changes are
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detected) for checking by an operator. However, they would have to be very exhaustive and as correct
as possible (i.e., minimizing the false detection rate).
A wide range of change detection approaches is available [24,25]. Many remote sensing change
detection methods have been developed, some dedicated to specific topographic objects (e.g., roads,
buildings) to updating existing topographic databases but they generally rely on very high-resolution
(aerial or satellite) remote sensing data. Other change detection methods are more generic, detecting
all changes, and have generally been applied to data that exhibit a lower spatial resolution but can,
nevertheless, still produce interesting results. With the advent of big data processing, the science
of land change detection has advanced at an unprecedented scale [40], using integrated time series
approaches [41], where Landsat and the Sentinel satellites have been the most important space-born
devices to capture such changes to date [26,42–44].
One of the most popular approaches to change detection involves a comparison of two LULC
maps produced for different dates; this is often referred to as post-classification comparison. When
aiming to update an existing database, it simply consists of classifying recent remote sensing data
to obtain a LULC map and then comparing it to the one from the old database. Such a strategy
is widely used; see e.g., [22,23,45–51]. In studies of urban change [22,23,45–51], such methods are
often applied to very high-resolution aerial or satellite optical images and associated digital surface
models (DSM) to detect changes in buildings in a topographic database, but the approach could be
extended to other themes included in their classifications (e.g., roads, vegetation). A variety of remote
sensing systems and methods have been employed in such studies [22,23,45,47,49,51]. In the context of
updating a database, the existing LULC map can be used as a training data set if the proportion of
change is very small [23,45,47,48], a process that can be enhanced by using data cleaning methods to
remove erroneously labeled sites or having a more robust training process [23,47]. Post-classification
comparison methods are also attractive, as the focus is upon the LULC classes rather than other
possible changes, but the accuracy of change detection is a function of the quality of the LULC maps
that are compared.
Popular alternatives to post-classification change detection include methods based on the
comparison of remotely sensed images from different dates. Changes in the radiometric response
or texture observed may indicate LULC changes [21,52]. Because changes in image response can
arise from sources other than LULC change, a variety of ways to enhance the analysis have been
developed [53–56]. Specific approaches dedicated to digital surface model comparison also exist.
Additionally, image change detection can be merged with the results of post-classification to enhance
LULC change detection [45,47].
More recently, machine learning methods have been developed for change detection. For example,
end-to-end deep learning convolutional neural networks have been trained to detect change. Generic
change detection architectures have been proposed such as ChangeNet, which relies on Siamese
architecture [57]. However, many other architectures dedicated to the processing of remote sensing
data for change detection have been proposed during the last two years [58–63]. Some of the methods
are designed to detect changes from newer imagery sources such as Sentinel-2 [58,60].
Irrespective of the method used to detect changes, it is critical that the accuracy of the detected
changes can be assessed and expressed in a rigorous manner. Best practices for map validation,
including mapping of LULC change, have been established [30,64]. Additionally, methods for
integrating VGI into authoritative reference data sets have been identified [65–68]. The confusion
matrix, which is a cross-tabulation of the class label predicted against that found in the reference data
set, is central to accuracy assessment [30,69,70]. From this matrix, a range of summary measures of
accuracy can be obtained on an overall (e.g., overall accuracy of percent correctly classified cases) or
on an individual class basis (e.g., user’s and producer’s accuracy). Confidence intervals can also be
fitted to estimates of accuracy to indicate uncertainty. The confusion matrix may also be used to aid
the accurate estimation of class extent [30].
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3. Change Detection Algorithm for Construction Sites
A fully automated processing chain was developed to provide reliable and timely information on
urban change (i.e., change related to construction activities), which will be used to update IGN’s LULC
database. The workflow is based on Sentinel-2 products and consists of two main steps. The first is the
preprocessing of the Sentinel-2 imagery (Section 3.1) while the second is the application of the change
detection algorithm based on a change vector analysis method (CVA) (Section 3.2). These two steps are
described in more detail below. The code used has been written in R, Python and C++ running on a
cloud environment hosted at the Earth Observation Data Centre (EODC) in Vienna.
3.1. Preprocessing of the Sentinel-2 Imagery
For the analysis, all available Sentinel-2 Level-1C imagery within a user-defined time frame have
been ingested into the workflow. The data itself were obtained from the Copernicus Services Hub. In
a later step, information from the single images is translated into monthly composites to reduce the
amount of data and to cope with data gaps (due to clouds). To benefit from the wide range of spectral
information contained in the Sentinel-2 imagery for change detection, preprocessing of the data is
required. The first was an atmospheric correction to minimize atmospheric influences on the observed
radiometric response. The Sen2Cor atmospheric correction algorithm was used, which according
to the atmospheric correction inter-comparison exercise [71], shows a similar performance to other
atmospheric correction algorithms. Sen2Cor was developed by Telespazio VEGA Deutschland GmbH
on behalf of the European Space Agency (ESA). It is a Level-2A processor that corrects single-date
Sentinel-2 Level-1C Top-Of-Atmosphere (TOA) products for the effects of the atmosphere to deliver a
Level-2A Bottom-Of-Atmosphere (BOA) reflectance product. Additional outputs include the Aerosol
Optical Thickness (AOT), the Water Vapour (WV) content, and a Scene Classification (SCL) map, with
quality indicators for cloud and snow probabilities.
When combining multi-temporal or multi-sensor data (i.e., Sentinel 2A and 2B), image-to-image
co-registration accuracy is very important, especially for pixel-based change detection methodologies to
avoid false or pseudo change detection (see Figure 1). Although the overall multi-temporal geometric
stability of Sentinel-2 is good (i.e., <0.3 pixels; [72]), slight shifts between images can occur, as has also
been reported by the Sentinel-2 Mission Performance Centre through their monthly quality reports [73].
Therefore, as a second preprocessing step, a linear co-registration was applied to ensure the geometric
correctness of each input image based on functionalities provided via the R-package RStoolbox [74].
Therefore, a master scene was identified based on the accompanying metadata. Thus, quality flags,
coverage, date, and cloud-percentage are considered as useful indicators. All remaining scenes were
then shifted/co-registered to the respective master scene using RStoolbox functionalities.
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Figure 1. (a) Two images from Sentinel 2A on 2017/10/14 and Sentinel 2B on 2016/04/22 with Band2
(blue) blended to demonstrate the image-to-image misregistration for a location in Innsbruck, Austria.
(b) The result of applying the change detection algorithm to an area in Innsbruck, Austria, where
several pseudo changes are visible due to pixel shifts between the two images. This problem has
been mitigated through applying linear co-registration algorithm (see details in the text). (Source:
Copernicus Sentinel Data 2016/2017).
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Finally, the Normalized Difference Vegetation Index (NDVI) was derived from the corrected and
cloud-masked single scenes. To reduce the data volume and decrease computational processing time,
monthly maximum-value NDVI composites were generated for use in the change detection analysis.
Any area that had a cloud in all images for a month was labeled as having ‘no data’. Finally, a set of red
channel composites (band 4) were also produced and used. In particular, this composite was obtained
to aid visual interpretation of locations predicted to have experienced a LULC change and was central
to the accuracy assessment as well as the change detection process itself.
3.2. Change Detection Algorithm
The change detection method used here is based on a change vector analysis (CVA; [75]) using the
NDVI and red channel composites as inputs. Construction sites can typically be detected via a decrease
in NDVI (i.e., a loss in vegetation) and an increase in the red channel (band 4) due to an increase in the
mineral component and the reduction in photosynthesis. The analysis is based on two components of
the change vector, the length and the angle between two observations in the band4-NIR-space. The
length, l, is defined as:
l =
∣∣∣∣∣ ⇀Obst − ⇀Obst−1∣∣∣∣∣ (1)
where
⇀
Obst and
⇀
Obst−1 represent the vectors (band4tn, NIRtn) taken at two different points in time. The
angle is defined as the angle, α, between vectors
⇀
Obst and
⇀
Obst−1:
cosα =
⇀
Obst·
⇀
Obst−1∣∣∣∣∣ ⇀Obst∣∣∣∣∣·∣∣∣∣∣ ⇀Obst−1∣∣∣∣∣ (2)
with positive values defined clockwise (0 to 180) and negative values counterclockwise (0 to −180).
Figure 2a shows the behavior of the length and the angle of the change vector while Figure 2b exhibits
the trajectory (time series) of both measures for a typical construction site. For emerging construction
sites, high values of the change vector angle are expected. For surfaces that are construction sites at
two different times, we expect low to negative values of angle and length. For every monthly time
step, an angle and a length pair (t, t1) were calculated, i.e., 2015-12 to 2016-12, 2017-12 to 2018-12, etc.
Every pixel has a certain change or length-angle value (see Figure 2b).
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Based on the previously calculated CVA angles and lengths, binary change masks were then
derived for each month based on statistical analysis. It turned out that the 90th percentile is a good
threshold value for angle/length values to identify urban changes (i.e., a vegetation loss). Thus, each
time a pixel is above the 90th percentile, a change is indicated (class 1). All unchanged areas are
considered as class 0.
In Figure 3, two angle value pairs are shown. As images can be affected by clouds, any parts of the
image that are affected will not provide timely information and will only be updated once cloud-free
observations become available through additional observations. This has an impact on the timing of
the detected change.
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Figure 3. (a) The angle value pair from 2017-07 to 2018-07 compared to (b) the angle value pair from
2017-09 to 2018-09 for Toulouse shown in grey. Darker shades show higher angle and length pair
values. Figure 3b is affected by clouds and does not provide information in some regions. Hence, a
construction site cannot be detected until valid imagery is available and thus the date of detection will
deviate from the original starting date of the construction.
Finally, all the binary change masks produced for each month are aggregated into monthly
sums. To remove outliers and image artifacts, changes that occurred less than twice per month were
removed from the mask. Additionally, to reduce confusion with agricultural fields, which typically lack
vegetation cover in the winter and hence may be confused with construction, an additional layer based
on the NDVI was roduced to remove such false ositives. Finally, a tw -pix l minimum mapping
unit (MMU) filter was applied to nhanc the consisten y of th change detection outpu s. An example
of a detected construction site is sho n in Figure 4. In the t p, two NDVI images are depicted, showing
the situation before and after construction started. In the bottom, the same construction site visualized
on Google Earth imagery is shown, demonstrating the correct detection.
In the last step, one out of four possible classes (Residential, Industrial, Infrastructure and Other)
was assigned to each change polygon based on a manual interpretation process using RGB images
(orthophotos and very high-resolution satellite imagery) and context information from the environment
surrounding the detected construction site.
This algorithm is one of several types of change detection algorithms that comprise the LandSense
Change Detection Service (CDS).
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4. Change Validation Methodology
This section presents the methodology used to validate the sites that were predicted to have
undergone a LULC cha ge. T e validation methodology used here is founded upon the best practices
for the rigorous assessment of the accuracy of land cover products [30,76]. The validation methodology
was structured into three main steps: sampling design, response design, and accuracy assessment.
4.1. Sampling Design
The sampling design is the protocol for selecting construction sites (i.e., changes) for use in
the validation. Using Sentinel 2 imagery for the period 2015-2019, the change detection algorithm
was applied to an area of approximately 10,000 km2 representing three French departments: Gers,
Haute-Pyrénées. and Haute Garonne (see Figure 5).
The pilot study area within the LandSense pr ject is Toulous and its surroundings. The overall
aim was to assess the p tential of updating authoritative LULC data sets with the changes obtained
from the CDS, where the focus was on validating the LU changes that occurred over a specific time
period. Thus, spatio-temporal sampling was undertaken of all the construction sites that were observed
within the study area during the identified period of interest. The spatial limits of the validation
study area were defined by the needs of the end-users and correspond to formal local authority areas
(Figure 6). The period of interest was defined by the authoritative mapping agency, here seeking to
assess the potential to update a LULC database for 2016 with the situation in 2019. Consequently, the
core aim was to label all the construction sites detected by the application of the CDS from 2016 to 2019
for a set of administrative units within an urban and peri-urban environment. Only the sites predicted
to have undergone change within the study area in 2016-2019 were used. Note that this approach does
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4.2. Response Design
The aim of the response design is to define the protocol for labeling the reference data. More
specifically, it defines how contributors will assign a label to the changes, which type of additional
data will be used in order to allow contributors to make such a decision, and which types of additional
labels should be added to reduce the confusion during the validation process.
In this study, the response design is comprised of the steps undertaken to determine an agreement
between the construction sites predicted by the CDS and the reality on the ground.
The first step consists of defining the pre-defined labels to be chosen by the contributors. As
mentioned in Section 3, the outputs from the CDS represent a new construction site (e.g., a building
or a road), which were then classified into four LU classes: Residential, Industrial, Infrastructure, and
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Other. Since some changes occur over a long time period and their final nature may not be apparent
until near the end of the process, the classes Construction in progress and Destruction were defined and
added to the list of labels defined in the response design. Additionally, since it was possible for a site
to be incorrectly classified as having undergone a change (i.e., a false positive), an additional class, No
change, was defined. Finally, in recognition of the challenges in identifying a change, a site could also
be labeled as Unknown. In total, therefore, there were eight classes in the validation.
The second step consists of identifying the additional data that allow contributors to choose
the appropriate label for each class. The validation of changes involved visual interpretation of
fine-resolution (20-50 cm) orthophotographs for 2016 and 2019. Note that other WMS layers such as
OSM and Google Maps were available in the validation tool. As a result, for each location of interest
for which a change exceeding a two-pixel MMU had been predicted, a ground reference data set for
change was constructed, enabling the accuracy of the predictions to be assessed.
The third step is to choose the appropriate type of validation. To avoid influencing the contributor’s
validation, the interpretation of the orthophotographs was undertaken blind of the predicted change
(i.e., the contributor does not know the predicted classes).
Finally, to explore the effect of inter-interpreter variations on the reference data set, validation data
from six different groups of interpreters were obtained in a series of mapathons. In each mapathon,
the data sets and tools were introduced to participants at the beginning, along with a summary of
the project’s aims. IGN staff were also available to provide assistance during the mapathons. Each
mapathon involved a different group of contributors; no mapathon had mixed contributions. The
profile of each group is summarized briefly below.
• Profile 1: First-year students of the National Engineering in GIS School (ENSG) who attended
a brief training-event on aerial photograph-interpretation comprising a 1-hour lecture and a
2-hour training session on aerial photograph interpretation. For this group, the validation
exercise was included as part of their formal curriculum in order to apply skills related to aerial
photograph-interpretation. This group comprised 60 students, and while not experts in LULC
data, they would have received a semester of training in geographic science. For the mapathon,
this group was divided into two groups, comprising 30 students each and identified as Profile
1-gr1 and Profile 1-gr 2.
• Profile 2: Students from the Master s degree in geographical information science (GIS) at ENSG.
The mapathon was part of their curriculum and the data collected were used further in their
practical work. These students had, as part of their curriculum, already studied remote sensing,
spatial classification, and spatial data validation before taking part in the mapathon. Of the 19
students, some also had experience in aerial photograph-interpretation. However, these students
are not experts in LULC data.
• Profile 3: First-year students of ENSG who have not received training in aerial
photograph-interpretation. This group consisted of a set of 15 student volunteers, who had begun
their one-month curriculum in geographic sciences. They were motivated by gaining a better
understanding of environmental applications related to LULC and the connection to research.
One of the students originated from the study area. These students did not have any specific
training related to LULC, image analysis or aerial photograph-interpretation and were not experts
in LULC.
• Profile 4: Research experts in LULC working at the research department of IGN-France. This
group comprised four research experts in LULC data, map classification, and change validation.
These contributors were aware of the LandSense CDS and the change detection algorithm used
within it.
• Profile 5: Experts in LULC from the local authorities. This group comprised five experts in
LULC data from the Urban Planning Agency in Toulouse. They have good knowledge of LULC
classification, aerial photograph-interpretation, and geographic data mapping, but few have
knowledge of remote sensing.
Remote Sens. 2020, 12, 1186 11 of 22
• Profile 6: Administrative staff from IGN. This group comprised two staff from IGN, both
non-experts in LULC data or geographic data in general.
A mapathon was organized for each profile, except for those in Profile 1, where two mapathons
were organized. The same data set was used in each mapathon but because of time limitations, not all
sites were validated during the mapathon. The number of observations collected per profile is: 248
(Profile 1-gr 1), 195 (Profile 1-gr 2), 645 (Profile 2), 649 (Profile 3), 53 (Profile 4), 644 (Profile 5), and 344
(Profile 6).
In total, 105 contributors were involved in the mapathons, producing a total of 2778 ground
reference data labels.
4.3. Quality Assessment
The final step in the validation methodology was focused on the assessment of the quality of the
change detection labeling made by the contributors to the mapathons arising from the application of
the CDS. The focus was on two key issues: contributor agreement and thematic accuracy assessment.
4.3.1. Contributor Agreement
The contributor agreement was assessed on an individual site basis. The goal was to assess the
agreement between mapathon contributors for each site labeled. The latter was achieved using the
Pi measure proposed in the computation of Fleiss’ kappa coefficient [77]. Based on the total number
of sites labeled, N, into one of k classes by n contributors and with nij, representing the number of
the contributors assigning case i to class j (where j = 1, . . . , k), then the proportion of all assignments
associated with class j, noted pj, can be calculated from the following equation:
p j =
1
Nn
N∑
i=1
ni j (3)
The degree to which the contributors agree on the ith subject, Pi, may be calculated from:
Pi =
1
n(n− 1)
 k∑
j=1
n2i j − ni j
 (4)
In the following, Pi is named the contributor agreement for the labeled site i.
4.3.2. Accuracy Assessment
In order to assess the accuracy of the change predictions obtained from the CDS, a single ground
reference label was required for each case. Here, each case was allocated to the class that was most
commonly (i.e., dominant) applied to it. If there was a tie, the case was randomly allocated to one of
the classes involved in the tie. The confusion matrix was used to assess overall accuracy (OA), user’s
accuracy (UA), and producer’s accuracy (PA) [76,78]. Overall accuracy quantifies the proportion of all
sites of change that were correctly classified based on the reference data. The UA for a class quantifies
the proportion of correct classifications of the class based on the reference data and indicates accuracy
from the map user’s point of view. The PA for a class quantifies the proportion of correct classifications
for the class based on the predictions from the CDS, and it indicates the accuracy of the classification
from the map maker’s point of view.
Thus far, we used the dominant class label, but the data can be filtered to focus on cases with the
least disagreement and high significance. Therefore, the confusion matrix is computed only for filtered
changes by following the approach proposed in [78].
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5. Results and Discussion
5.1. Description of the Observations
Within the entire study area (i.e., the three French departments), 650 sites were predicted as having
changed land-use class during the period of interest. These 650 sites were then selected for validation
in the mapathons. The most frequent changes detected by the CDS were in LU classes Residential (511
sites) and Industrial (126 sites) (Figure 7).
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The aerial photography for these 650 sites in 2016 and 2019 was used to acquire reference data
to evaluate the accuracy of the CDS predictions. Each site was labeled by between three and six
contributors to the mapathons, with most sites labeled by four contributors (Figure 8).
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i r . e total number of unique sites of predicted change that was labeled from three to six times
in the mapathons.
5.2. Contributor Agreement Analysis
The degree to which contributors agreed in labeling sites was assessed using Equation 4 for all
sites labeled by three or more contributors. All levels of agreement observed are depicted in Figure 9.
We can observe that when six contributors labeled the same site, they are in perfect agreement very
few times (four labeled sites only) and that the total disagreement (contributor agreement belongs
to the interval [0-0.1[) occurs mainly where sites are labeled by three contributors (63 labeled sites).
In contrast, contributor agreement is high (belonging to the interval [0.9-1]) where three or four
contributors label the same site. Contributor agreement belongs to intervals [0.5-0.6[ and [0.6-0.7[
for four and five contributors, respectively. Based on this analysis, we can recommend that the total
number of contributors labeling the same site should be between three and five.
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The map in Figure 10 shows the spatial distribution of the number of labeled observations
per change and the coefficient of agreement values for each site. No global trend emerges from
this visualization. Indeed, the use of the Local Moran’s I statistic suggests that there is no spatial
autocorrelation present except for a small area in the northern part of the study area.
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the CDS is appropriate for detecting residential changes. The UA for the Infrastructure class is low,
being equal to 0.5. This is not surprising given the difficulty in detecting Infrastructure usage.
Figure 11. User’s and producer’s accuracy for the determined Change Detection Service Land
Use classes.
Most of the sites predicted by the algorithm such as Other have an agreement less than 0.4 or have
the reference label assigned to No change. This explains why the UA and PA are equal to 0 and are,
thus, not represented in Figure 11.
Computing the change/no change confusion matrix is difficult since we do not have the reference
corresponding to all changes that occurred or the location where changes do not occur. However, as a
guide to changes that were not identified, during one mapathon with the experts in LULC (Profile 5),
they identified 142 sites of change that were not detected by the CDS algorithm. Moreover, as a guide
to the accuracy of the change detection algorithm, only the UA for the change class was computed.
Thus, the reference change class is defined by considering sites in which the labels were assigned to one
of the following: Residential, Industrial, Infrastructure, Other, Construction in progress, and Destruction.
For example, if a reference change has the label Construction in progress, then the reference change class
has the value “change”. In total, 561 sites were assigned to the reference class “change”. Thus, the UA
for the change class is equal to 0.87.
Figure 12 shows an example where both the CDS and the reference labels agree: Industrial change.
The contributor agreement, Pi, is equal to 0.4.
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Figure 12. Example showing a change detected by the CDS as Industrial and considered as Industrial
by the reference overlaid on an orthophoto for (a) 2016-Geoportal©IGN and (b) 2019-Geoportal©IGN.
Figure 13 illustrates the impact of scale on the validation task. The CDS detected a residential
construction site and the reference value was labeled as No change (with a contributor agreement Pi
equal to 1 for three contributors). When comparing the two orthophotos from 2016 and 2019, it can be
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seen that a small change has actually occurred but within an area that was otherwise unchanged. This
highlights uncertainty in the labeling linked to the extent of the area of change.Remote Sens. 2020, 12, x FOR PEER REVIEW 15 of 22 
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Figure 13. Example showing a change etecte as residential by the CDS and considered as No change
in the reference overlaid on an orthophoto for (a) 2016–Geoportal©IGN and (b) 2019- Geoportal©IGN.
5.4. Profile Analysis
In this section, we analyzed the sites labeled by different interpreter profiles. As mentioned in
Section 4, the response design comprises seven labels, and contributors with six different types of user
profiles were involved in the seven organized mapathons. Based on this, different research questions
can be posed such as: which knowledge is necessary for undertaking a LU map validation task? Is the
motivation (e.g., a volunteer task versus a mandatory task included in the curriculum) a factor that
impacts the accuracy assessment?
To better assess the capacity of different profiles to carry out LU map validation, we first computed
the confusion matrix between labels derived from each profile group and the reference. In total, seven
confusion matrices were computed. As with th contributor agreement, only labeled sites having less
disagreement w re select d.
Figure 14 illustrates the overall ac ur tained from each profile. For example, the largest
overall accuracies were obtained for Profile 4 (Research experts), Profile 5 (LU C experts), and Profile
3 (volunteer engineering students). Contributors belonging to these profiles agreed with the reference
of labeled changes, 93.2%, 86.5%, and 85.2%, respectively. The lowest overall accuracy was obtained
when comparing Profile 1, gr2 (engineering students) with Profile 2 (students with no knowledge
of photo-interpretation and LULC data) and Profile 6 (which is similar to a citizen profile with no
knowledge of GIS). The very surprising difference between the overall accuracies of Profile 1 gr1 and
gr 2, which are students with the same profile, can be explained by the fact that the 2019 orthophoto
WMS layer was not available for a short period of time during the mapathons. Thus, for some cases, it
was difficult to label the site using only Google Maps and orthophotos from 2016. We also observed
that imagery in Google Maps was not updated in the study area. The lower accuracies for Pr file 2
and Profile 6 can be explai ed by the lack of k owledge in photo-interpre ation of orthophotos and
in id ntifying changes. Finally, we c n observe a relatively la ge differe ce between Profile 1, gr1
(where the mapathon was part of the curriculum) and Profile 3 (where the mapathon was a volunteered
activity), and here we can observe that volunteers do better than non-volunteers.
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Figure 15. Boxplot showing median values of users’ accuracies by user profile.
The median values of the user’s accuracies for all profiles are generally greater than 50% except
for Profiles 1 and 6. For Profile 5, the median value exceeds 90%. We can observe large variations for
all profiles except for Profiles 3 and 5.
For producer’s accuracies, the median values of all profiles are generally greater than 65% except
for Profile1, gr2. For Profiles 1, 2, 4, and 6, there are also relevant variations in the producer’s accuracies.
We then compared the profiles by computing the confusion matrix between pairs of profiles. Here
we show the example of the confusion matrix that results when comparing Profile 6 with Profile 5
(Figure 17).
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Figure 17. Confusion matrix between Profile 6 (non-expert administrative staff) and Profile 5 (Land
Use Land Cover (LULC) experts).
The two profiles have a relatively good agreement for the No change and Residential classes. Small
agreements are obtained for Construction in progress and Industrial. For example, 44 of the changes
(36%) assigned to Residential by Profile 5 were assigned to Construction in progress by Profile 6. This
is an interesting example that illustrates that the experts analyzed the spatial context even when the
construction was not completely finished in order to “guess” what the LU type of construction could
be. Note that these are also local experts who know the study area. Moreover, we learned that during
the mapathon involving participants from Profile 5, the contributors used LULC data to interpret the
change and they discussed these changes between them. Finally, a relevant difference exists for the
class Unknown: 13.3% against 100%. This demonstrates that the experts tried to label each site, even
when it was difficult to assign a LU type.
6. Conclusions
Change d tection in urban areas is a challengin topic. This research has indicated the potential to
acquire useful information on urban LULC hange but e hancements are still required for operational
use. Changes are detected automatically by using a method based on Sentinel-2 data. In order to assess
the accura y of the detected changes, VGI was used by organizing mapathons, employing collaborative
validation tools and involving contributors with six different profiles (or backgrounds). To be able to
use the changes to update IGN’s authoritative LULC database, extra classes were added to have more
detailed land use classes. The profiles of the contributors were analyzed to understand the impact of
the experience of the users on the accuracy assessment.
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The accuracy assessment indicates that the change detection method provides promising results
in detecting LU changes, with an overall accuracy of 0.81. Moreover, the method is able to identify
changes in residential LU with what appears to be to an adequate level of accuracy (0.92). However, the
method needs further improvement in detecting changes in infrastructure and industrial LU classes, as
both users’ accuracies were low. The omission of changes is also relevant for infrastructure concerning
the knowledge we have from the authoritative topographic database (i.e., the road network); the
changes in the infrastructure are relevant for the period studied (i.e., 2016 to 2019). Concerning the
change/no change accuracy assessment, it was, unfortunately, not possible for us to measure the
omission of the change due to the lack of reference data. This issue can be tackled in the future by
adding not only construction sites to the sample that have been provided by the change detection
method but also other triggers coming from different VGI projects where citizens send in alerts when a
change occurs [79].
The change detection method presented here has delivered what appears to be reasonable results;
nevertheless, it shows deficits in some areas. For example, information is missing when there are
clouds, and there is an issue with non-existing vegetation in the winter so it is not possible to detect a
change during this time. To assign a pixel to non-urban, one must wait for the next vegetation period.
Before then, it is almost impossible to distinguish bare fields from urban areas. Concerning the method,
future work will address problems caused by gaps due to clouds and other means for more fully
capturing changes that currently go undetected. Labeled changes will be also be used to improve the
change detection labels.
In terms of user profiles, we observed differences between profiles. The experts in LULC from
local authorities, researchers in LULC at the IGN, and first-year students with basic knowledge of
geographic information systems had the highest overall accuracies. Moreover, for profiles having
the same theoretical background (Profile 1 and 3), the volunteers perform better validation than
the non-volunteers. Differences in how the users approach the validation task are evident (e.g.,
local authorities used knowledge and context to try to identify types of change while those with no
knowledge of LULC such as citizens. were quicker to choose ‘Unknown’ when the visual interpretation
class became more uncertain).
From a VGI perspective, we observed that LULC data are very complex data and there are many
issues related to validation. For example, LULC experts from the local authorities spent much more
time in interpreting a single change; they used the metadata specification concerning LULC and
discussed examples between them during the mapathon as well as with colleagues. A similar behavior,
except for consultation of the metadata specifications, was noted for students participating in the
volunteer mapathon. Another key issue concerns the response design. The response design (eight
classes) was judged as complicated by the citizens and students without LULC experience, in contrast
to the LULC experts from the local authorities, who felt that it was not detailed enough. This brings us
to the conclusion that LULC validation is a very complex task, and there is no simple or obvious way
to select the best group or the best response design. In future research, we would like to test a response
designed based on the contributor’s profile (e.g., simplified into change/no change for the citizens and
students, and a more detailed response design for the LULC experts). For the latter, discussions have
already started in order to define the necessary land use classes to better fit their user needs.
The next step is to use the validated changes to update the authoritative LULC database. These
data will be fused with a variety of other sources of geographic data including in-situ validation data
collected during the LandSense project, and topographic data.
Author Contributions: Conceptualization, A.-M.O.-R., M.S., L.J., M.G., M.R., T.G.; methodology, A.-M.O.-R., M.S.,
G.F., M.R., T.G.; software, M.S., A.-M.O.-R., Y.M., L.L., L.J., M.R., T.G.; validation, A.-M.O.-R., M.S., G.F.; formal
analysis, M.S., A.-M.O.-R., Y.M., L.L.; investigation, M.G., M.P.; data curation, M.S., A.-M.O.-R., Y.M., L.L., L.J.
writing—original draft preparation, A.-M.O.-R., L.S., G.F., A.l.B., M.S., L.J., M.R., T.G., M.P., L.L.; writing—review
and editing, A.-M.O.-R., L.S., G.F., M.R., T.G.; visualization, A.-M.O.-R., L.L., L.J.; supervision, A.-M.O.-R.; project
administration, A.-M.O.-R. All authors have read and agreed to the published version of the manuscript.
Remote Sens. 2020, 12, 1186 19 of 22
Funding: This research was funded by the European Commission’s Horizon2020 program as part of the LandSense
project, grant number 689812. The paper was invited to be part of the Special Issue on VGI.
Acknowledgments: The authors are grateful to all contributors who were involved in the mapathons, students
from ENSG, staff from IGN and staff from the Urban Planning Agency of Toulouse. Finally, the authors are
grateful to reviewers for their valuable comments, which have helped to improve the paper.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Bontemps, S.; Herold, M.; Kooistra, L.; van Groenestijn, A.; Hartley, A.; Arino, O.; Moreau, I.; Defourny, P.
Revisiting land cover observation to address the needs of the climate modeling community. Biogeosciences
2012, 9, 2145–2157. [CrossRef]
2. EEA. Land Take in Europe; European Environment Agency: Copenhagen, Denmark, 2019.
3. Manakos, I.; Braun, M. (Eds.) Land Use and Land Cover Mapping in Europe: Practices & Trends; Remote Sensing
and Digital Image Processing; Springer: Dordrecht, The Netherlands, 2014; ISBN 978-94-007-7969-3.
4. Theobald, D.M. Development and applications of a comprehensive land use classification and map for the
US. PLoS ONE 2014, 9, e94628. [CrossRef]
5. García-Mora, T.J.; Mas, J.-F.; Hinkley, E.A. Land cover mapping applications with MODIS: A literature review.
Int. J. Digit. Earth 2012, 5, 63–87. [CrossRef]
6. Herold, M.; See, L.; Tsendbazar, N.-E.; Fritz, S. Towards an integrated global land cover monitoring and
mapping system. Remote Sens. 2016, 8, 1036. [CrossRef]
7. Wulder, M.A.; Masek, J.G.; Cohen, W.B.; Loveland, T.R.; Woodcock, C.E. Opening the archive: How free
data has enabled the science and monitoring promise of Landsat. Remote Sens. Environ. 2012, 122, 2–10.
[CrossRef]
8. Butler, D. Earth observation enters next phase. Nature 2014, 508, 160–161. [CrossRef] [PubMed]
9. Buettner, G. CORINE land cover and land cover change products. In Land Use and Land Cover Mapping
in Europe: Practices & Trends; Manakos, I., Braun, M., Eds.; Remote Sensing and Digital Image Processing;
Springer: Dordrecht, The Netherlands, 2014; pp. 55–74. ISBN 978-94-007-7969-3.
10. EEA. Mapping Guide for a European Urban Atlas. 2011. Available online: http://www.eea.europa.eu/data-
and-maps/data/urban-atlas (accessed on 15 April 2014).
11. Mooney, P.; Minghini, M. A review of OpenStreetMap data. In Mapping and the Citizen Sensor; Foody, G.M.,
See, L., Fritz, S., Fonte, C.C., Mooney, P., Olteanu-Raimond, A.-M., Antoniou, V., Eds.; Ubiquity Press:
London, UK, 2017; pp. 37–59.
12. See, L.; Mooney, P.; Foody, G.; Bastin, L.; Comber, A.; Estima, J.; Fritz, S.; Kerle, N.; Jiang, B.; Laakso, M.; et al.
Crowdsourcing, citizen science or Volunteered Geographic Information? The current state of crowdsourced
geographic information. ISPRS Int. J. Geo-Inf. 2016, 5, 55. [CrossRef]
13. Goodchild, M.F. Citizens as sensors: The world of volunteered geography. GeoJournal 2007, 69, 211–221.
[CrossRef]
14. Howe, J. The rise of crowdsourcing. Wired Mag. 2006, 14, 1–4.
15. Bonney, R.; Cooper, C.B.; Dickinson, J.; Kelling, S.; Phillips, T.; Rosenberg, K.V.; Shirk, J. Citizen science:
A developing tool for expanding science knowledge and scientific literacy. BioScience 2009, 59, 977–984.
[CrossRef]
16. Haklay, M. How good is volunteered geographical information? A comparative study of OpenStreetMap
and Ordnance Survey datasets. Environ. Plan. B Plan. Des. 2010, 37, 682–703. [CrossRef]
17. Zielstra, D.; Zipf, A. A comparative study of proprietary geodata and volunteered geographic information
for Germany. In Proceedings of the 13th AGILE International Conference on Geographic Information Science,
Guimarães, Portugal, 11–14 May 2010; pp. 1–15.
18. Girres, J.-F.; Touya, G. Quality assessment of the French OpenStreetMap dataset. Trans. GIS 2010, 14, 435–459.
[CrossRef]
19. Fonte, C.; Minghini, M.; Patriarca, J.; Antoniou, V.; See, L.; Skopeliti, A. Generating up-to-date and detailed
land use and land cover maps ssing OpenStreetMap and GlobeLand30. ISPRS Int. J. Geo-Inf. 2017, 6, 125.
[CrossRef]
Remote Sens. 2020, 12, 1186 20 of 22
20. Schultz, M.; Voss, J.; Auer, M.; Carter, S.; Zipf, A. Open land cover from OpenStreetMap and remote sensing.
Int. J. Appl. Earth Obs. Geoinf. 2017, 63, 206–213. [CrossRef]
21. Radke, R.; Andra, S.; Al-Kofahi, O.; Roysam, B. Image change detection algorithms: A systematic survey.
IEEE Trans. Image Process. 2005, 14, 294–307. [CrossRef] [PubMed]
22. Rottensteiner, F. Building change detection from digital surface models and multi-spectral images. Int. Arch.
Photogramm. Remote Sens. Spat. Inf. Sci. 2007, 36, 145–150.
23. Gressin, A.; Vincent, N.; Mallet, C.; Paparoditis, N. A unified framework for land-cover database update and
enrichment using satellite imagery. In Proceedings of the IEEE International Conference on Image Processing
(ICIP), Paris, France, 27–30 October 2014.
24. Singh, A. Review Article Digital change detection techniques using remotely-sensed data. Int. J. Remote Sens.
1989, 10, 989–1003. [CrossRef]
25. Lu, D.; Mausel, P.; Brondízio, E.; Moran, E. Change detection techniques. Int. J. Remote Sens. 2004, 25,
2365–2401. [CrossRef]
26. Hansen, M.C.; Potapov, P.V.; Moore, R.; Hancher, M.; Turubanova, S.A.; Tyukavina, A.; Thau, D.; Stehman, S.V.;
Goetz, S.J.; Loveland, T.R.; et al. High-resolution global maps of 21st-century forest cover change. Science
2013, 342, 850–853. [CrossRef]
27. Chen, J.; Chen, J.; Liu, H.; Peng, S. Detection of cropland change using multi-harmonic based phenological
trajectory similarity. Remote Sens. 2018, 10, 1020. [CrossRef]
28. Si Salah, H.; Ait-Aoudia, S.; Rezgui, A.; Goldin, S.E. Change detection in urban areas from remote sensing
data: A multidimensional classification scheme. Int. J. Remote Sens. 2019, 40, 6635–6679. [CrossRef]
29. Wang, Z.; Yao, W.; Tang, Q.; Liu, L.; Xiao, P.; Kong, X.; Zhang, P.; Shi, F.; Wang, Y. Continuous change
detection of forest/grassland and cropland in the Loess Plateau of China using all available Landsat data.
Remote Sens. 2018, 10, 1775. [CrossRef]
30. Olofsson, P.; Foody, G.M.; Herold, M.; Stehman, S.V.; Woodcock, C.E.; Wulder, M.A. Good practices for
estimating area and assessing accuracy of land change. Remote Sens. Environ. 2014, 148, 42–57. [CrossRef]
31. Foody, G.M.; Boyd, D.S. Using volunteered data in land cover map validation: Mapping West African forests.
IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2013, 6, 1305–1312. [CrossRef]
32. Fonte, C.C.; Bastin, L.; See, L.; Foody, G.; Lupia, F. Usability of VGI for validation of land cover maps. Int. J.
Geogr. Inf. Sci. 2015, 29, 1269–1291. [CrossRef]
33. See, L.; Laso Bayas, J.-C.; Schepaschenko, D.; Perger, C.; Dresel, C.; Maus, V.; Salk, C.; Weichselbaum, J.;
Lesiv, M.; McCallum, I.; et al. LACO-Wiki: A new online land cover validation tool demonstrated using
GlobeLand30 for Kenya. Remote Sens. 2017, 9, 754. [CrossRef]
34. Ruas, A.; Plumejeaud, C.; Nahassia, L.; Grosso, E.; Olteanu, A.-M.; Costes, B.; Vouloir, M.-C.; Motte, C.
GéoPeuple: The creation and the analysis of topographic and demographic data over 200 Years. In
Cartography from Pole to Pole; Buchroithner, M., Prechtel, N., Burghardt, D., Eds.; Springer Berlin Heidelberg:
Berlin/Heidelberg, Germany, 2014; pp. 3–17. ISBN 978-3-642-32617-2.
35. Moorthy, I.; Fritz, S.; See, L.; McCallum, I. LandSense: A citizen observatory and innovation marketplace for
land use and land cover monitoring. In Proceedings of the 19th EGU General Assembly, Vienna, Austria,
23–28 April 2017.
36. Quill, T.M. Humanitarian mapping as library outreach: A case for community-oriented mapathons. J. Web
Librariansh. 2018, 12, 160–168. [CrossRef]
37. Bastin, J.-F.; Berrahmouni, N.; Grainger, A.; Maniatis, D.; Mollicone, D.; Moore, R.; Patriarca, C.; Picard, N.;
Sparrow, B.; Abraham, E.M.; et al. The extent of forest in dryland biomes. Science 2017, 356, 635–638.
[CrossRef]
38. Schepaschenko, D.; See, L.; Lesiv, M.; McCallum, I.; Fritz, S.; Salk, C.; Moltchanova, E.; Perger, C.;
Shchepashchenko, M.; Shvidenko, A.; et al. Development of a global hybrid forest mask through the synergy
of remote sensing, crowdsourcing and FAO statistics. Remote Sens. Environ. 2015, 162, 208–220. [CrossRef]
39. Fritz, S.; See, L.; McCallum, I.; You, L.; Bun, A.; Moltchanova, E.; Duerauer, M.; Albrecht, F.; Schill, C.;
Perger, C.; et al. Mapping global cropland and field size. Glob. Chang. Biol. 2015, 21, 1980–1992. [CrossRef]
40. Song, X.-P.; Hansen, M.C.; Stehman, S.V.; Potapov, P.V.; Tyukavina, A.; Vermote, E.F.; Townshend, J.R. Global
land change from 1982 to 2016. Nature 2018, 560, 639–643. [CrossRef]
41. Zhu, Z.; Woodcock, C.E. Continuous change detection and classification of land cover using all available
Landsat data. Remote Sens. Environ. 2014, 144, 152–171. [CrossRef]
Remote Sens. 2020, 12, 1186 21 of 22
42. Pekel, J.-F.; Cottam, A.; Gorelick, N.; Belward, A.S. High-resolution mapping of global surface water and its
long-term changes. Nature 2016, 540, 418–422. [CrossRef] [PubMed]
43. Wulder, M.A.; Coops, N.C.; Roy, D.P.; White, J.C.; Hermosilla, T. Land cover 2.0. Int. J. Remote Sens. 2018, 39,
4254–4284. [CrossRef]
44. Roy, D.P.; Huang, H.; Boschetti, L.; Giglio, L.; Yan, L.; Zhang, H.H.; Li, Z. Landsat-8 and Sentinel-2 burned
area mapping—A combined sensor multi-temporal change detection approach. Remote Sens. Environ. 2019,
231, 111254. [CrossRef]
45. Poulain, V.; Inglada, J.; Spigai, M.; Tourneret, J.-Y.; Marthon, P. Fusion of high resolution optical and SAR
images with vector data bases for change detection. In Proceedings of the IEEE International Geoscience and
Remote Sensing Symposium, Cape Town, South Africa, 12–17 July 2009.
46. Du, P.; Liu, S.; Xia, J.; Zhao, Y. Information fusion techniques for change detection from multi-temporal
remote sensing images. Inf. Fusion 2013, 14, 19–27. [CrossRef]
47. Le Bris, A.; Chehata, N. Change detection in a topographic building database using submetric satellite
images. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2011, 38, 25–30. [CrossRef]
48. Gladstone, C.S.; Gardiner, A.; Holland, D. A semi-automatic method for detecting changes to ordnance
survey—Topographic data in rural environments. In Proceedings of the 4th GEOBIA, Rio de Janeiro, Brazil,
7–9 May 2012; p. 396.
49. Domenech, E.; Mallet, C. Change Detection in High-Resolution Land Use/Land Cover Geodatabases (at Object Level);
EuroSDR Official Publication; Buchdruckerei Ernst Becvar: Vienna, Austria, 2014; Volume 64.
50. Keinan, E.; Felus, Y.A.; Tal, Y.; Zilberstien, O.; Elihai, Y. Updating national topographic database using change
detection methods. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 41, 529–536. [CrossRef]
51. Matikainen, L.; Hyyppä, J.; Ahokas, E.; Markelin, L.; Kaartinen, H. Automatic detection of buildings and
changes in buildings for updating of maps. Remote Sens. 2010, 2, 1217–1248. [CrossRef]
52. Nielsen, A.A. The regularized iteratively reweighted MAD method for change detection in
multi-hyperspectral data. IEEE Trans. Geosci. Remote Sens. 2007, 16, 463–478. [CrossRef]
53. Gueguen, L.; Datcu, M. Mixed information measure. Application to change detection in Earth observation.
In Proceedings of the MultiTemp 2009, the 5th International Workshop on the Analysis of Multi-Temporal
Remote Sensing Images, Mansfield, CT, USA, 28–30 July 2009.
54. Gueguen, L.; Soille, P.; Pesaresi, M. Change detection based on information measure. IEEE Trans. Geosci.
Remote Sens. 2011, 49, 4503–4515. [CrossRef]
55. Molina, I.; Martinez, E.; Morillo, C.; Velasco, J.; Jara, A. Assessment of data fusion algorithms for Earth
observation change detection processes. Sensors 2016, 16, 31. [CrossRef] [PubMed]
56. Le Hégarat-Mascle, S.; Seltz, R. Automatic change detection by evidential fusion of change indices. Remote
Sens. Environ. 2004, 91, 390–404. [CrossRef]
57. Varghese, A.; Gubbi, J.; Ramaswamy, A.; Balamuralidhar, P. ChangeNet: A deep learning architecture for
visual change detection. In Proceedings of the European Conference on Computer Vision (ECCV), Munich,
Germany, 8–14 September 2018.
58. Pomente, A.; Picchiani, M.; Del Frate, F. Sentinel-2 Change detection based on deep features. In Proceedings
of the IGARSS 2018 IEEE International Geoscience and Remote Sensing Symposium, Valencia, Spain, 22–27
July 2018; pp. 6859–6862.
59. Caye Daudt, R.; Le Saux, B.; Boulch, A.; Gousseau, Y. Urban change detection for multispectral Earth
observation using Convolutional Neural Networks. In Proceedings of the IEEE International Geoscience and
Remote Sensing Symposium (IGARSS’2018), Valencia, Spain, 22–27 July 2018.
60. Papadomanolaki, M.; Verma, S.; Vakalopoulou, M.; Gupta, S.; Karantzalos, K. Detecting urban changes with
recurrent neural networks from multitemporal Sentinel-2 data. In Proceedings of the IEEE International
Geoscience and Remote Sensing Symposium (IGARSS’2019), Yokohama, Japan, 28 July–2 August 2019.
61. Lebedev, M.A.; Vizilter, Y.V.; Vygolov, O.V.; Knyaz, V.A.; Rubis, A.Y. Change detection in remote sensing
images using Conditional Adversarial Networks. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2018.
[CrossRef]
62. Peng, D.; Zhang, M.; Wanbing, G. End-to-End change detection for high resolution satellite images using
improved UNet++. Remote Sens. 2019, 11, 1382. [CrossRef]
63. Caye Daudt, R.; Le Saux, B.; Boulch, A.; Gousseau, Y. Multitask learning for large-scale semantic change
detection. Comput. Vis. Image Underst. 2019, 187. [CrossRef]
Remote Sens. 2020, 12, 1186 22 of 22
64. Olofsson, P.; Foody, G.M.; Stehman, S.V.; Woodcock, C.E. Making better use of accuracy data in land change
studies: Estimating accuracy and area and quantifying uncertainty using stratified estimation. Remote Sens.
Environ. 2013, 129, 122–131. [CrossRef]
65. Stehman, S.V.; Fonte, C.C.; Foody, G.M.; See, L. Using volunteered geographic information (VGI) in
design-based statistical inference for area estimation and accuracy assessment of land cover. Remote Sens.
Environ. 2018, 212, 47–59. [CrossRef]
66. Basiri, A.; Haklay, M.; Foody, G.; Mooney, P. Crowdsourced geospatial data quality: Challenges and future
directions. Int. J. Geogr. Inf. Sci. 2019, 33, 1588–1593. [CrossRef]
67. Herfort, B.; Li, H.; Fendrich, S.; Lautenbach, S.; Zipf, A. Mapping human settlements with higher accuracy
and less volunteer efforts by combining crowdsourcing and deep learning. Remote Sens. 2019, 11, 1799.
[CrossRef]
68. Albuquerque, J.; Herfort, B.; Eckle, M. The tasks of the crowd: A typology of tasks in geographic information
crowdsourcing and a case study in humanitarian mapping. Remote Sens. 2016, 8, 859. [CrossRef]
69. Congalton, R.G. A review of assessing the accuracy of classifications of remotely sensed data. Remote Sens.
Environ. 1991, 37, 35–46. [CrossRef]
70. Strahler, A.H.; Boschetti, L.; Foody, G.M.; Friedl, M.A.; Hansen, M.C.; Herold, M.; Mayaux, P.; Morisette, J.;
Stehman, S.V.; Woodcock, C.E. Global Land Cover Validation: Recommendations for Evaluation and Accuracy
Assessment of Global Land Cover Maps; European Commission: Brussels, Belgium, 2006.
71. Doxani, G.; Vermote, E.; Roger, J.-C.; Gascon, F.; Adriaensen, S.; Frantz, D.; Hagolle, O.; Hollstein, A.;
Kirches, G.; Li, F.; et al. Atmospheric correction inter-comparison exercise. Remote Sens. 2018, 10, 352.
[CrossRef]
72. Gascon, F.; Bouzinac, C.; Thépaut, O.; Jung, M.; Francesconi, B.; Louis, J.; Lonjou, V.; Lafrance, B.; Massera, S.;
Gaudel-Vacaresse, A.; et al. Copernicus Sentinel-2A calibration and products validation status. Remote Sens.
2017, 9, 584. [CrossRef]
73. ESA. Sentinel Online: Data Product Quality Reports. Available online: https://sentinel.esa.int/web/sentinel/
data-product-quality-reports (accessed on 2 March 2020).
74. Leutner, B.; Horning, N.; Schwalb-Willmann, J.; Hijmans, R.J. Package ‘RStoolbox’. 2019. Available online:
https://CRAN.R-project.org/package=RStoolbox (accessed on 10 January 2020).
75. Johnson, R.D.; Kasischke, E.S. Change vector analysis: A technique for the multispectral monitoring of land
cover and condition. Int. J. Remote Sens. 1998, 19, 411–426. [CrossRef]
76. Stehman, S.V.; Foody, G.M. Key issues in rigorous accuracy assessment of land cover products. Remote Sens.
Environ. 2019, 231, 111199. [CrossRef]
77. Fleiss, J.L. Measuring nominal scale agreement among many raters. Psychol. Bull. 1971, 76, 378–382.
[CrossRef]
78. Card, D.H. Using known map category marginal frequencies to improve estimates of thematic map accuracy.
Photogramm. Eng. Remote Sens. 1982, 48, 431–439.
79. Olteanu-Raimond, A.-M.; Jolivet, L.; Van Damme, M.-D.; Royer, T.; Fraval, L.; See, L.; Sturn, T.; Karner, M.;
Moorthy, I.; Fritz, S. An experimental framework for integrating citizen and community science into land
cover, land use, and land change detection processes in a National Mapping Agency. Land 2018, 7, 103.
[CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
